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ABSTRACT: The minimum resolvable signal in sensing and
metrology platforms that rely on optical readout fields is
increasingly constrained by the standard quantum limit, which
is determined by the sum of photon shot noise and back-
action noise. A combination of back-action and shot noise
reduction techniques will be critical to the development of the
next generation of sensors for applications ranging from high-
energy physics to biochemistry and for novel microscopy
platforms capable of resolving material properties that were
previously obscured by quantum noise. This Perspective

LY )

reviews the dramatic advances made in the use of squeezed light for sub-shot-noise quantum sensing in recent years and
highlights emerging applications that enable new science based on signals that would otherwise be obscured by noise at the

standard quantum limit.
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leantum optics is undergoing a renaissance in terms of

its applicability to sensing platforms in a growing
number of fields. Quantum noise reduction or “squeezing”
occurs when the statistical noise in one variable of a quantum
field is reduced at the expense of increased noise in the
conjugate variable (Figure 1). This effect can be used to
increase the signal-to-noise when detecting physical phenom-
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Figure 1. For a coherent state, the gray “fuzz ball” in the schematic
represents symmetric uncertainty in the quadratures X and P at the
standard quantum limit. For a squeezed state, the blue uncertainty
ellipse is smaller along one quadrature axis and larger along the other.
For the case shown, the squeezed and antisqueezed quadratures are X
and P, respectively, but in general, any linear combination can be
squeezed. The parameter k, which determines the strength of the
squeezing, is a property of the nonlinear system that facilitates
interaction between optical fields.
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ena that transduce the squeezed variable. More than 30 years
after the first observations of quantum noise reduction from
squeezed light sources' > and the first proof-of-principle
squeezed quantum sensors,”"" increasingly practical quantum
sensors can now beat classical sensors whose state-of-the-art
sensitivity is constrained by the Heisenberg uncertainty
principle.’ "' In the intervening years, sensors based on
quantum optics have typically demonstrated useful proofs of
principle, but the observable quantum effects have, until very
recently, been so small that the minimum resolvable signal was
no better than the optimal classical configuration.
Over the past decade, squeezing has become increasingly
12-14 gt
are susceptible to photothermal modulation and damage above
milliwatt optical powers and to the characterization of
micromechanical sensors”'> where back-action noise exceeds
photon shot noise for similar optical powers. The inclusion of
squeezed light into magnetometers could also improve on the
state of the art, though squeezed atomic magnetometers have

essential to the characterization of plasmonic sensors

thus far not exceeded the sensitivity of conventional atomic
magnetometers. In all of these cases, back-action noise and
thermal feedback provide a hard limit on increased optical
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power, and quantum noise reduction in squeezed optical states
provides a path toward improved sensitivity that cannot be
achieved through classical means. Other techniques have been
developed that take advantage of correlations present in
squeezing and entanglement even in the presence of large
losses, but these quantum illumination schemes are beyond the
scope of this Perspective.m_19

The above sensing examples are limited to single-channel or
two-channel measurements. With a single sensor, the devices
can only lend the benefit of quantum correlations to a single
position, while a physical field of interest may be spread over a
wide area, across a classical network of sensors. The next
generation of quantum sensors will take advantage of quantum
networks in which the quantum sensors are linked to one
another throu%h quantum mechanical means, typically via
entanglement.”” Ultimately, quantum networks should be
capable of 1/N scaling in uncertainty, where N is the number
of quantum resources, such as photons, modes, or detectors.”!
This limit can be reached with perfect entanglement between
sensing fields with N excitations, to be contrasted with the
classical noise scaling at the shot noise level (SNL), 1/+/N.
Here, we present a review of practical quantum sensors that
leverage quantum noise reduction to enable fundamentally
new approaches to sensing and metrology in fields as diverse as
high energy physics, biochemistry, and scanning probe
microscopy.

H QUANTUM NOISE REDUCTION IN SQUEEZED
LIGHT SOURCES

The first proposal for quantum sensors based on quantum
optics leveraged quantum noise reduction or “squeezing”.’
Squeezed light sources rely on the asymmetric distribution of
uncertainty between conjugate variables of the optical field,
such as the amplitude, X, and phase, P, quadratures (see Figure
1) of minimum uncertainty states that saturate the Heisenberg
uncertainty principle with AXAP = 1. The coherent state is a
special case of minimum uncertainty states in which the
uncertainty is evenly distributed between the two quadratures.
In contrast, the uncertainty of one quadrature of a squeezed
state can be arbitrarily small at the expense of increased
uncertainty of the other quadrature, as shown in Figure 1. In
general, a medium is required to facilitate the nonlinear optical
interactions which lead to squeezing. These media are
characterized by a nonlinear parameter k, which determines
the strength of the squeezing after some interaction time
within the medium.

This classically inaccessible control over the uncertainty of
quadratures of the optical field has clear implications for
sensing. Any sensor that is normally characterized by
modulations imparted on the amplitude or phase quadratures
(or linear combinations thereof) of an optical readout field can
in principle be augmented by squeezing the amplitude or phase
quadrature (or the appropriate linear combination). Not only
does squeezing offer higher signal-to-noise ratios (SNRs), it
may enable one to detect signals that were not visible at all in
the analogous classical sensor.

The aforementioned nonlinear media can be engineered to
cause disparate fields to interact—the nondegenerate or two-
mode case—or to cause a field to interact with itself—the
degenerate or single-mode case. Single-mode squeezed states
have been used extensively for quantum sensing.'>**~*
Multimode squeezing opens up entirely new fields of study

in quantum information science beyond conventional quantum
. 9,10,1430—34 | . :

sensing, including quantum networking and com-
. . 8—40

munications, entanglement,3 * and quantum comput-

. 1— : . . . .

ing,"' =" none of which is possible with single-mode squeezed

states alone (although single-mode squeezing may be used as a

resource for the generation of multimode squeezed states).

35—37

B FUNDAMENTALS OF QUANTUM SENSING WITH
SQUEEZED LIGHT

The problem of sensing is directly related to parameter
estimation. In general, a system sensitive to the quantity being
measured is used as the sensor, and this sensor is then probed
to extract the information on the measurement. For optically
transduced sensors, light is used to probe the system
performing the measurement and the information is extracted
through measurements of a given property of the light, such as
its amplitude or phase quadrature.

The sensitivity of the whole sensing apparatus is then
characterized as the inverse of the minimum resolvable signal,
AP, that can be detected for the parameter P being
estimated. This minimum resolvable signal can be related to
the property of the light that is being measured and the
properties of the measurement system through the following

relation:
11 (AL
APmin=
JN oM /oPl 10L/oMl (1)

where M is the property of the measurement system that
changes given a change in the parameter being measured, L is
the property of the light that is measured to extract the
information, and N is the number of times the measurement is
performed."” In this expression, the term |0M/AP| characterizes
how much the measurement system changes with a change of
parameter P and the term ((AL)?) corresponds to the noise of
the light used to probe the measurement system.

If we consider the case of intensity, I, measurements, the role
of quantum noise reduction can be seen if we rewrite eq 1 in
terms of the squeezing level S = ((AI)*)/(I), such that

1 1 S
Ao = X prantyori\ 1) @)

where we have assumed that the interaction between the light
and the measurement system is linear, such that 10I/0M | =
B(I), where f is a proportionality constant. An analogous
statement can be written for measurements based on other
properties of the light. Given that S decreases as the level of
squeezing increases, we can see that a larger level of squeezing
will result in a smaller minimum resolvable signal. As a result,
the sensitivity (inverse of the minimum resolvable signal)
increases with the level of squeezing and with the number of
photons in the light used to probe the measurement system.
Thus, for a given measurement system, the use of squeezed
light as a resource becomes relevant when it is not possible to
increase the amount of light that can be used to probe it. At
this point, quantum states of light offer the only viable option
for further sensitivity enhancements.

It is important to note that eq 2 describes measurements
that use only a single quadrature of the optical field. Further
improvements in sensitivity can be achieved if an optimal
measurement strategy can be identified. In this case, it is in
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Figure 2. Quantum-enhanced sensing with single-mode squeezing. (a) The use of polarization squeezing has been shown to enhance
magnetometers based on Faraday-rotation in an atomic system.”’ (b) Squeezed light can lead to enhanced biological measurements, where the
power that can be used to probe the sample is limited due to the possibility of damage.** Here, naturally occurring lipid granules are tracked in real
time by interfering scattered light with a squeezed local oscillator enabling sensitivity beyond the SNL, or quantum noise limit. The graphic
illustrates the scattered light from a trapped particle (light blue) interfering with a local oscillator (red) and collected by a microscope objective. (c)
The interface between squeezed light and micromechanical systems offers the possibility of measuring different physical quantities beyond the SNL,
including local magnetic fields when magnetostrictive materials are deposited on micromechanical resonators.*

principle possible to reach the ultimate limit in sensitivity given
by the quantum Cramér—Rao bound.*

B QUANTUM SENSING WITH SINGLE-MODE
SQUEEZING

To produce squeezed light, a nonlinear optical medium is
required. Such media result in nonlinear interaction Hamil-
tonians in the Heisenberg picture of the form H = i)((z)a,-aja; +
H.C. for a second-order nonlinear medium, where ¥ is a
material property related to the nonlinear polarizability, a;; are
the quantum annihilation operators for two optical fields that
interact with a third field a,, which is referred to as the pump
and provides energy for the interaction, and H.C. is the
Hermitian conjugate of the preceding term. Throughout this
Perspective, units are defined in terms of 7 = 1. The pump
field is generally much stronger than the other fields and is thus
often taken to be classical, such that ;((Z)ap = k, where a,, is the
electric field amplitude of the pump. When i = j, the interaction
is degenerate, and one obtains a simpler interaction
Hamiltonian, H = ik(a®> — a'?), which leads to single-mode
squeezed states. The precise noise reduction obtained by a
given Hamiltonian can be found by solving the Heisenberg
equation of motion for the quantized field: a = —i[a, H], which
leads to @ = —2ka’ and hyperbolic sinusoidal solutions.
Defining the electric field quadratures as X = a + a" and P = i(a
— a'), one has exponential solutions as a function of time for
real x

P(t) = ¢P(0) (3)

X(t) = e *X(0) (4)

which lead to the variances

(AP(t)*) = (AP(0)%) (5)

(AX(£)) = e *(Ax(0)") (6)
That is, for ¢ > 0 the variance of the amplitude quadrature of
the electric fields decreases exponentially from some starting
value, while the phase quadrature variance increases
commensurately. This is the mathematical definition of
single-mode amplitude squeezing. These ideas can be extended
to different degrees of freedom of the light, such as the
polarization.

The initial proposal to use squeezed light for quantum
sensing was based on the notion of taking advantage of the
reduced noise property of single-mode squeezed states of light
to enhance the sensitivity of an interferometer.”*’ This has
been one of the most studied applications for quantum
enhancement with squeezed light and has now found its way
into %Tavitational wave observatories, such as LIGO and GEO
600,"*° for further sensitivity enhancements. There have also
been a number of sensing applications beyond interferometers
that take advantage of single-mode squeezed light that have
been proposed and implemented (see Figure 2 for a few
examples). It is important to note that one of the main
constraints with the use of squeezed light for sensing
applications is the degradation of the level of squeezing and,
thus, of the degree of enhancement that can be obtained with
losses. This has frequently limited the use of squeezed light for
sensing to proof-of-principle experiments.

The ability to use squeezed light to enhance sensing requires
an optically transduced sensor that already operates at the SNL
with a classical readout field. Given the control that can be
achieved with atomic systems, their sensitivity to different
physical quantities, and the ability to efficiently probe them
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with light, many sensing configurations are based on atomic
systems with optical readouts. This has led to a number of
proposals and experiments that combine squeezed light and
atomic systems for quantum-enhanced sensing. It has been
proposed that squeezing can enhance the sensitivity of atomic
interferometers,”> which could lead to enhancements in the
precision of atomic clocks and measurement of acceleration,
rotation, and gravity gradients. The use of atomic systems has
led to some of the most precise sensing devices for
electromagnetic fields. For example, atomic magnetometers

have achieved sensitivities below 1 fT/~/Hz.>* Several experi-
ments have shown that such devices can be further enhanced
through the use of polarization squeezed light,”*® which can
be generated by mixing two quadrature squeezed beams on a
polarizing beamsplitter.”” More recently, it has been shown
that squeezed light can also enhance the sensitivity of spin
noise spectroscopy, which can be used to determine
fundamental properties of spin systems in thermal equili-
brium.*® Experiments with an initial polarization squeezed
state exhibiting 3.0 dB of squeezing have shown enhancements
in the signal-to-noise ratio of up to 2.6 dB for Faraday-rotation-
based spin noise spectroscopy, see Figure 2a.°"

One of the applications in which the use of squeezed light
can lead to practical enhancements is the probing of biological
samples. In this case, the amount of power that can be used to
probe the biological samples has to be limited in order to avoid
damage. As a result, some biosensing devices are power
constrained and the only way to further enhance their
sensitivity is through the use of quantum resources. With
this idea in mind, recent experiments have shown that
squeezed states of light are compatlble with biological
measurement techniques, see Figure 2b.”* In particular, these
experiments used squeezed light with reduced amplitude noise
to perform microrheology experiments surpassing the SNL by
42%.

The interface between squeezed light and optomechanical
systems also offers exciting possibilities for quantum enhanced
sensing of acceleration, mass, and electromagnetic fields. For
example, a recent theoretical proposal studied the use of an
optomechanical system coupled to a cold atomic ensemble
inside a cavity injected with vacuum squeezed light for the
detection of forces below the standard quantum limit.>” It has
also been experimentally shown that it is possible to measure
the optomechanical motion and forces associated with an
object beyond the ultimate bound (Cramér—Rao bound) for a
coherent state. In particular, by probing the motion of a mirror
under external stochastic forces with phase squeezed light,
enhancements of 15% and 12% for the position and
momentum estimations of the mlrror, respectively, and of
12% for the force were achieved.”” More recently, through the
use of a microcavity optomechanical device, see Figure 2c, a
silicon-chip based magnetometer with a quantum enhance-
ment in the magnetic field sensitivity of 20% and an effective
increase in bandwidth of 50% was experimentally imple-
mented.””

The enhancements that can be obtained in the time domain
through the use of single-mode squeezing can also be extended
to the spatial domain for quantum states of light that exhibit
spatial quantum correlations, or spatial squeezing. Among
other things this makes it possﬂ)le to estimate the pointing
direction of a laser below the SNL.** This capability can lead
to enhancements of devices that require measuring beam
positioning, such as an atomic force microscope. Spatial

squeezing has also been used in proof-of-principle experiments
to show improved spatial resolution for biological applications.
Through the application of squeezed light in a photonic-force
microscope a 14% enhancement in resolution was achieved
with respezit to the corresponding configuration using classical
resources.”

It has been shown in theory that, for Gaussian quantum
states, the maximum level of enhancement can be obtained by
placing all the squeezmg in the correct single mode, either
temporal or spatial.** However, the use of two-mode squeezed
states or twin beams can offer an advantage in the presence of
classical technical noise due to the ability to perform a
differential measurement that can cancel the classical noise.

B QUANTUM SENSING WITH TWO-MODE
SQUEEZING

While many groups have explored quantum sensing with
single-mode squeezed states of light, quantum sensors based
on two-mode squeezing in which either the amplitude-
difference or the phase-sum quadratures are squeezed have
recently been shown to provide a significantly more accessible
approach to quantum sensing. The majority of these quantum
sensing demonstrations have relied on the use of intensity-
difference squeezing generated by four-wave mixing. A
description of the quantum noise reduction present in this
class of quantum sensors can be calculated analytically in terms
of the Heisenberg picture description of the input and output
operators for the four-wave mixing process.”'”*"**°! In this
case, the interaction Hamiltonian is given by H = iy )alaza' ;
+ H.C. In the experiments described in this Perspective, the
pump field is powerful relative to the other fields and is
undepleted for the experimental parameters used here, which
result in nonlinear gains from 2 to 20. Thus, the process is very
similar to a second-order nonlinear ogtlcal process in which
the pump is undepleted, with x = —y© Considering sums
and differences of the quadratures, one has the Heisenberg
equations of motion

B+B=-k(R+B)=Ph 7)
X, - X, =—«k(X, - X,) =X_ (8)

For real k, these equations lead to solutions that are
exponential in time

P(t) = e P,(0) )
X_(t) = e X_(0) (10)

whose variances are each squeezed, analogous to the single-
mode case. Thus, the two-mode squeezed case is a simple
generalization of the single-mode case presented previously,
with the squeezing now shared between separate optical
modes. These shared correlations are a signature of
entanglement, which is useful for quantum networking.
Plasmonic sensors may be the most ubiquitous class of
proof-of-principle quantum sensors to utilize two-mode
squeezed light. Classically, plasmonic sensors rely on the
sensitivity of plasmons, quasiparticles resulting from the
resonant oscillations of free electrons, to changes in the local
refractive index. Small changes in refractive index due to
ligands bound to analytes on a metal surface modify the
plasmon resonance. Spectrally, polarization, or angular
resolved measurements of the shift in plasmon resonance
enable detection of small concentrations of molecules.
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Figure 3. (a) Schematic of quantum sensing with four-wave mixing of noncollinear pump (P) and probe (Pr) fields in **Rb. The measured
intensity difference between the probe and conjugate (C) shows quantum noise reduction on a spectrum analyzer (SA).*>> Modulating the probe
field amplitude with an acousto-optic modulator before transducing the response of a plasmonic Kretschmann sensor enables the subsequent
demodulation of the plasmonic sensor response on the spectrum analyzer with a noise floor below the SNL. (b) A variation of this quantum
plasmonic sensor illustrated a 4 dB enhancement in the sensitivity to changes in refractive index in plasmonic sensors operating with squeezed light
readout (i) compared with coherent readout (i).'® (c) Microcantilever beam displacement measurements performed with multispatial mode
squeezed light resulted in the demonstration of fm/+/Hz displacement sensitivity 4 dB below the SNL (variable displacement amplitudes are
illustrated in different colors).” This approach enables classically inaccessible measurements of microcantilever beam-displacement for
measurements detuned from the micromechanical resonance frequency, but thermal noise continues to limit measurements on-resonance.

Quantum plasmonics has experienced increased growth as a
field in recent years due to advances in nanoimaging,®”
subwavelength photonic circuits,”> and general interfacing of
quantum systems with plasmons.'*** Conventional plasmonic
sensors have been shown to operate at the SNL, with a
demonstration of 4 X 107° refractive index unit (RIU)
sensitivity based on extraordinary optical transmission (EOT)
of classical light sources through subwavelength hole arrays.”
High optical powers can detrimentally affect a variety of
plasmonic sensors. For example, photosensitive ligands and
plasmonic saturation effects frequently constrain the maximum
laser transduction power.66 In these cases, squeezed light is
ideal for increasing the SNR without increasing the optical
power.

It is worth noting here that amplitude squeezing of a
coherent state without amplification would result in reduced
optical power because of the reduced variance illustrated in
Figure 1. However, because most practical squeezed states rely
on nonlinear amplifiers, the output power of the squeezed state
is typically substantially larger than that of the coherent seed
field. Thus, any comparison of the power of squeezed light
sources and coherent light sources must consider the power in
the squeezed state after the nonlinear amplifier.

Several groups have now demonstrated that localized and
propagating surface plasmon modes can coherently transduce
single-mode and multimode squeezed states of light with loss
of squeezing simply modeled by a beamsplitter interaction
equivalent to the plasmonic loss."**”®” In the wake of those
results, the idea of using squeezed states of light to enhance the
sensitivity of glasmonic sensors has gained significant
traction.'”'#*"*? State-of-the-art classical plasmonic sensors
utilize differential detection with a reference field that does not
interact with the plasmon in order to eliminate noise present in
the probe laser.”® Many of these sensors are now limited by the
SNL, and quantum sensors will be required for further
improvements in sensitivity.

Figure 3a illustrates a typical two-mode quantum sensing
design.”” In this example, the probe beam generated by a four-
wave mixing process replaced the standard laser readout within
a plasmonic sensor (operating in a Kretschmann config-
uration®®). In classical, shot-noise limited, balanced photo-
detection, subtracting a reference channel from the probe

removes classical noise sources but causes the shot noise of the
two channels to add in quadrature. In contrast, the balanced
photodetection illustrated in Figure 3a subtracts both classical
noise and the shared quantum correlations between the probe
and conjugate fields, resulting in quantum noise reduction
below the SNL. As with classical balanced photodetection,
modulation and demodulation of the probe enables the signal
to be monitored on the sideband frequency. In this example, an
acousto-optic modulator was used to impart a sideband signal
at 1.5 MHz, and a spectrum analyzer was used to monitor that
sideband as the refractive index near the gold film was varied. A
variable neutral density filter introduced loss on the conjugate
field equal to the loss on the probe field in order to maximize
the quantum noise reduction in the system. A similar approach
was used to demonstrate state-of-the-art sensitivity of

6.8 X 107" RIU/+/Hz in an EOT-based sensor,'® as shown
in Figure 3b.

For each of these quantum plasmonic sensors, a large
amount of squeezing is observed near the inflection points of
the angle or spectrally resolved transmission spectrum,
meaning that one can choose to operate the sensor with a
fixed wavelength and incidence angle®® rather than operating at
a point of maximum loss. At all points on the plasmonic
response function, a higher SNR was achieved than is possible
with the classical version of each sensor. The quantum light
source used here can be operated at powers equal to those
used in equivalent classical sensors because the classical sensor
cannot be used at powers beyond the point of thermal
modulation”’ of the plasmon or the damage threshold of
photosensitive ligands.”' These thresholds are easily within the
limits of typical squeezed light sources.

The recent demonstration of microcantilever beam displace-
ment measurements below the SNL also relied on two-mode
squeezing generated by four-wave mixing.” Figure 3¢ illustrates
the measurement of the displacement of a microcantilever for
varying piezo-electric driving amplitudes with a two-mode
squeezed light readout field, resulting in a minimum resolvable
displacement of 1.56 fm/~/Hz. As discussed above, seminal
work in this area combined two single-mode squeezed states
and an intense coherent field in orthogonal transverse modes
to characterize the displacement of a mirror with sensitivity
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Figure 4. (a) An interferometer with two-mode squeezed states applied to the readout, which is a simple extension of the typical single-mode
squeezed light readout.®” Here, a simulated gravitational wave (GW) signal was generated with a piezo-modulated interferometer mirror, two-mode
squeezed states were injected into the Michelson interferometer, and dual balanced homodyne detectors (BHD1 and BHD2) were used to read out
the amplitude and phase quadratures. (b) A truncated SU(1,1) interferometer and (c) the more common nonlinear interferometer in the Mach—
Zehnder configuration.*” In panels b and ¢, the beamsplitters that were used in panel a are replaced with a four-wave mixing process in nonlinear
optical (NLO) media but a similar dual homodyne detection (HD) approach is used to read out the amplitude and phase quadratures.

below the SNL.** The two-mode squeezing beam displace-
ment measurement simplified this approach because the four-
wave mixing process generated squeezing in several coherence
areas within the probe and conjugate beams, removing the
need to coherently combine multiple transverse modes.” This
spatial distribution of quantum correlations may enable new
quantum-enhanced atomic force microscopies. Interestingly, it
can also be described as a truncated nonlinear interferometer
because of the equivalence between the split photodetection
used for these beam displacement measurements and dual
homodyne detection.””

The spatial distribution of quantum correlations in the four-
wave mixing process is also critical to the development of
quantum-enhanced imaging, as it leads to relative spatial
squeezing between the probe and the conjugate.”’ Recent
explorations of the distribution of coherence areas within the
probe and conjugate beams have shown that the level of
squeezing can vary dramatically across the two beams.”*
Control over that spatial distribution of correlations”> has
enabled quantum imaging that takes advantage of the quantum
correlations between the probe and conjugate channels to
reveal images that are difficult to detect with both photodiodes
and single-photon detectors.”””” This approach to quantum
imaging with two-mode quantum states has also been realized
with a spontaneous parametric downconversion source.”’
Another variant on quantum imaging has amplified images in
the four-wave mixing process as part of the development of
networks of bipartite squeezed or entangled states that are
encoded within the amplified image.'””””

Two-mode squeezed states are frequently understood to
suffer from a 3 dB “penalty” compared with single-mode
squeezed states because roughly half of the power of the
squeezed state is in the conjugate field. However, there are an
increasing number of demonstrations in which that penalty
may be irrelevant or taken advantage of. For instance, a recent
demonstration of quantum plasmonic sensing transduced the
plasmonic sensor response with quantum noise itself rather

than the RF sideband of the probe field.'* There, the probe
field interacted with the plasmonic sensor before photo-
detection while the conjugate field was detected directly by a
balanced photodector. When off-resonance, the probe was not
absorbed by the plasmon, and the measured noise was 5 dB
below the SNL. When on-resonance, the probe was strongly
absorbed, and the quantum anticorrelations resulting from that
asymmetric loss resulted in a S dB increase in sensitivity
compared with classical readout.

Another recent quantum sensor to take advantage of both
modes in a two-mode squeezed state was an atomic
magnetometer with in situ two-mode squeezing.”' In this
demonstration, the strong coherence required for the four-
wave mixing process also enabled nonlinear magneto-optical
rotation on the probe and conjugate fields. Each mode
exhibited the same RF polarization rotation response, but a
slight misalignment of the probe and conjugate beams on a
pair of polarizers resulted in the translation of the identical
polarization modulations into out-of-phase amplitude modu-
lations. Thus, balanced photodetection resulted in the
subtraction of the quantum correlated noise below the SNL,
while the signals on each beam added. That is, the intensity
difference noise was 4.7 dB below the SNL, while the
differenced signal was equal to the sum of the signal on the
probe and conjugate.’’ Interestingly, these approaches to
multimode quantum sensing also offer the potential for vector
field sensing that would be impossible to achieve with single-
mode squeezing.

B INTERFEROMETRY WITH SQUEEZED LIGHT
SOURCES

Single-mode squeezed light implies reduced noise or
fluctuations in either the phase or amplitude quadrature of a
beam of light. For a given optical intensity, this feature can be
used to increase the sensitivity of interferometers, as
highlighted in Figure 4a for two-mode squeezed states.
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There are a number of different ways to achieve this goal. A
typical Mach—Zehnder interferometer has light injected into
two orthogonal arms through one port of a beamsplitter; the
other “open” port of the beamsplitter can be viewed as
allowing a vacuum field into the interferometer and with it the
associated vacuum noise. This noise is typically small, but in
today’s world of increasing sensitivity, it can become the
limiting noise in a measurement. The vacuum noise can be
reduced by deliberately injecting squeezed light instead of
allowing the vacuum to enter.

Under normal circumstances, it is easier to increase the
sensitivity of an interferometer measurement by using more
laser power. The sensitivity of a classical interferometer that is
limited by shot noise will have a sensitivity that scales with the
inverse of the square-root of the power used in the
interferometer, as shown in eq 2 for S = 1. Thus, turning up
the power is often a cost-effective way to improve the
sensitivity of an interferometer. Unfortunately, this is not
always possible. Either because turning up the power will cause
damage—for instance to biological samples—or because the
system is already at the maximum power possible because of
materials and other design considerations. Ideally, with
squeezed light (and without losses and other complications),
the sensitivity can instead scale as the inverse of the circulating
power,”® though decoherence and optical losses generally
constrain the improvement.”® This is the situation for
gravitational-wave observatories, such as LIGO, the most
notable application of squeezed light to date. In this case, a
large investment has created a highly sensitive interferometer
that is operating at the maximum internal power possible, and
the injection of squeezed light into the interferometer can
potentially increase the sensitivity without redesigning the
device.""*°

Interferometers, such as LIGO, are limited by shot noise at
higher frequencies, and by radiation pressure fluctuations at
low frequencies. Thus, phase squeezing is required at high
frequencies, and amplitude or intensity squeezing is required at
low frequencies to improve the sensitivity of measurements at
all frequencies. Methods of rotating squeezing from one
quadrature to another can be used to accomplish this (for
instance by reflecting the light off of a detuned cavity).””~*"
For most measurement applications, however, noise can be
measured at a single frequency and choosing the appropriate
quadrature to lock to will reduce the minimum resolvable
phase in the interferometer.

Another class of quantum interferometers are those of the
SU(1,1) variety, where instead of injecting squeezed light into
the device, squeezing is generated by nonlinear elements
within the interferometer itself, as seen in Figure 4b and c. In
particular, two-mode squeezed light can be used to generate
“twin beams” of light in the two arms of an interferometer.
Such quantum states can also lead to increased sensitivity in
phase measurements.”* Two-mode squeezing creates phase
and amplitude correlations between two beams of light. While
the individual beams of light may be more noisy than a
coherent state, one can essentially make a phase measurement
with a noisy beam, and then remove much of the noise from
the measurement by referencing it to its almost-identically
noisy twin beam.

The original SU(1,1) interferometer proposal envisioned a
Mach—Zehnder interferometer with the beamsplitters replaced
by parametric amplifiers.** The first (phase insensitive)
amplifier creates correlated pairs of photons in the

interferometer arms, which are then directed into a second,
phase-sensitive amplifier. A phase shift on the pump beam
makes this amplifier convert the correlated pair of photons
back into pump photons. Thus, there is no output signal unless
there is an additional phase shift in the interferometer. A
seeded version of this interferometer was constructed using
four-wave mixing in Rb vapor and used to demonstrate the
fundamental signal gain and reduced noise that can be
obtained in such a system.®> Also using four-wave mixing in
Rb vapor, a truncated version of the SU(1,1) interferometer
that combined a phase-insensitive amplifier generating twin
beams of light with homodyne detectors was demonstrated
with a phase sensitivity improvement of 4 dB over the
equivalent Mach—Zehnder interferometer.* Since losses in the
interferometer severely limit the advantage that can be attained
in practice, this scheme has the advantage of eliminating the
second amplifier/vapor cell. Additionally, an SU(1,1) interfer-
ometer employing parametric downconversion with collinear
pump and downconverted beams utilized direct detection with
straightforward pump filtering in order to realize a more
compact platform. This device demonstrated an improvement
in phase sensitivity over the classical case of 2.3 dB.”” Finally,
fiber-optic nonlinear interferometers have recently been
developed as part of the effort to make quantum sensors
more useful for sensing in the field.***" As with the quantum
sensors discussed above, these nonclassical interferometers
have their advantage over their classical counterparts for the
same number of phase-sensing photons.

B DISTRIBUTED SENSING ACROSS QUANTUM
NETWORKS

The experiment presented by Holtfrerich et al.’” is unique in
that it transmits quantum correlations through distant
plasmons on independent substrates—it is an example of a
small quantum network. Quantum optical networks are
collections of physically separated optical modes related by a
generalization of two-mode squeezing. In particular, quantum
networks take advantage of the entanglement that two-mode
squeezed states naturally exhibit. For globally distributed
signals, which affect multiple nodes that are entangled,
networked quantum sensors present an advantage over
averaging independent sensors.”’ For this reason, networks
of quantum sensors have been proposed as a natural way to
obtain the Heisenberg limit in sensing, where noise scales
inversely with the number of nodes on the network.”" Several
types of quantum networks are possible, depending on the
nature of the entanglement. Here, we describe two general
networks. The first network type is called a Hamiltonian
graph.”” The simplest implementation consists of a two-mode
squeezed state, as described in the previous sections, with
maximum squeezing. This configuration, also known as an
Einstein—Podolsky—Rosen (EPR) state,”” is a maximally
entangled state. Hamiltonian graphs that are fully intercon-
nected with equal weights describe Greenberger—Horne—
Zeilinger (GHZ) states. In this case, the interaction between
two fields, forming the edge of the graph, is given by

o
~ik(@a—aa) \where K, is the nonlinear coupling coeficient

e
ij
between fields i and j.
The equations of motion for the network in the Heisenberg

picture can be written in matrix form
A=kA (11)
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where K = K(? (1)) for example, for two modes. Here k is an

adjacency matrix. This network can easily be generalized to
more than two modes by considering concurrent interactions
between n modes in the network

n n
H= iz z K,-j(aja}-Jr - aiaj)

=1 j#i (12)

The above Hamiltonian implies that all optical fields interact
with specific strengths with all other fields in the network. For
instance, six fields have a graph as shown in Figure 5. Any
connectivity can be represented by tuning the adjacency
matrix, which amounts to specifying a new Hamiltonian.

Figure S. Six node fully interconnected Hamiltonian graph
representing a GHZ state. The nodes are optical modes while the
edges represent the entangling interaction.

Another useful network type is called a cluster graph. In this
network, the edges represent different interactions, known as
quantum nondemolition operators.”””® The edges in a cluster
graph are defined by %%, where X and P are the amplitude
and phase quadratures of each node on the graph.

The nodes in the cluster graph represent each field after a
degenerate nonlinear interaction, which reduces the phase.
That is, P, = 0. However, it is possible to represent the nodes
on a cluster graph as equivalent to those in the Hamiltonian
graph with a redefinition of the phase of a single field. One
example of a cluster graph with long-range order is shown in
Figure 6.

Figure 6. Square cluster state graphs. The single tile (left) can be
repeated to achieve long-range order (right).

For cluster states, a node’s phase depends on its neighbors’
amplitudes, while neighboring amplitudes are independent.
The equations of motion yield solutions X;(t) — Pj(t) =
e_'“P}-(O) and P,(t) — X](t) = ¢7P,(0). Application of a Fourier
transform to one node of a cluster graph transforms it to a
Hamiltonian graph. Under X — P and P — —X, we have

X,() + X,(t) = ¢ B(0) (13)

B(t) - B(t) = ¢ R(0) (14

Ast — 00, eqs 13 and 14 and eqs 9 and 10 are identical up
to an arbitrary, semantic, and local definition of quadrature,
which has no effect on graph topology. This property is
important because it allows one to construct experimentally
the network which is easier to produce, and then adjust the
measurements accordingly to produce either a GHZ state or a
cluster state, depending on the quantum sensing application.

Multimode squeezing can be used to produce a network like
that shown in Figure 6. Extending squeezing measurements to
more than two modes is straightforward. For example, the
GHZ state, which is a maximally entangled state, shows
quantum noise reduction for specific quantum operators found
by diagonalizing the adjacency matrix k. For a k-mode GHZ
state, the squeezed operators are

k
(k= 1DX - 2 X, (15)

k
> B (16)

i=1

Thus, an advantage to SNR for a distributed signal across
multiple nodes in the case of a phase signal requires a joint
phase measurement and computing the joint phase sum
quadrature. In the case of multimode squeezed spin networks,
this measurement scheme is optimal.””*°” In the same way
that two-mode squeezed states use a reference, which shares
correlations with the signal beam, quantum networks can
maintain large portions of the network as references (half of
the nodes, for example, while half or more transduce a global
signal). With these ideas in mind, we see that quantum
networked sensing is a straightforward extension of sensing
with two-mode squeezed states, and indeed the latter is a
simple form of a quantum network. This realization provides a
plausible path forward to the next generation of quantum
sensing: multimode quantum noise reduction distributed
across a network topology. We note that any plausible network
should consider propagation losses in addition to the already-
commonly discussed detection efficiencies and other losses
present in quantum sensing experiments. In quantum networks
that use continuous-variable entanglement, lab-scale experi-
ments will require some extra consideration, but propagation
losses will be similar to typical sensing experiments. However,
for large geographic networks focusing on entanglement
distribution, quantum repeaters will ultimately be required to
maintain high quantum correlations.

An additional complication arises in networks with large
geographic separation: to perform quadrature measurements, a
local oscillator is required (this requirement is not present if
only intensity-type correlations are required for the sensing
protocol, but this is a special case). In this regard, quantum
networks with distributed entanglement bear a lot of
similarities with continuous-variable quantum key distribution
(QKD) with distributed and synchronized local oscillators.”
Studies of entanglement-based CV QKD schemes are a good
starting point for estimating the distance over which quantum
sensing networks would be useful because they rely on similar
types of entanglement. While these network analyses usually
characterize their network quality in terms of an overall data
rate as limited by distance, the rate limit arises due to
propagation losses and excess noise. Typical distances over
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which a CV quantum network may operate while still
maintaining some useful quantum correlations are of order
30—40 km, but this may be improved with the use of
preamplification before detection.”” On the other hand,
quantum repeaters, which are not yet available in practice,
may be used to extend this distance by more than an order of
magnitude.'*’

B PERSPECTIVE AND OUTLOOK

In this Perspective, we provided examples of quantum sensing
with single-mode and two-mode squeezed states. In recent
years, these examples have moved beyond proofs-of-principle
to the point of detecting classically inaccessible signals in
laboratory settings. Moving forward, the most immediate task
in quantum sensing with squeezed light is to improve the
quantum noise reduction further. Many quantum optics
sources are limited to 10 dB of quantum noise reduction
below the SNL, and losses inherent in the sensors limit the
amount of observable squeezing to only a few decibels at
present. Reducing the loss is possible, as the past decade of
sensing has demonstrated, and improving the squeezing to very
large levels has also been demonstrated.”® With continued
improvements it is likely that an order of magnitude in noise
reduction for a practical optical sensor will be attained in the
near future, which will directly improve SNR. To extend gains
in SNR further, novel detection techniques that make use of
squeezing, quantum anticorrelations, and cross-correlation
measurements will be required. In addition, chip-scale
integration of squeezed light sources will be critical to
optimizing the cost, size, weight, and power of these quantum
Sensors.

Further ahead, the Heisenberg limit will be possible with
distributed squeezing across many optical nodes. Quantum
networks offer the potential for transformative advances. As the
breadth of applications presented in this perspective
demonstrate, future quantum sensors are likely to impact a
wide variety of fields, including new approaches to gravitational
wave sensing.””'*" For instance, networks of squeezed states
may be used to enable quantum enhanced timing resolution in
geographically remote optical atomic clocks, resulting in a
single international clock with quantum-enabled stability,
accuracy, and security. These techniques may even enable
the development of an entangled network of microwave
detectors for cosmology applications and dark matter
detection.'”?

Quantum sensing with squeezed light, therefore, has come a
long way from the original 1981 interferometry proposal. It has
established its usefulness for multiple applications including
imaging, plasmonics, magnetometry, and beam displacement
measurements. After years of facing the limitations of losses
and low squeezing, the field has entered into a renaissance,
which will only be accelerated by the dawn of widespread
entanglement and quantum networks.
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